A 12.7 m long sedimentary record recovered from Lake El'gygytgyn, located in a meteorite impact crater created 3.6 Ma in Late Cretaceous igneous rocks on Chukotka Peninsula, northeast Siberia, has been analysed for its palaeo-and rock-magnetic properties. Continuous high resolution (1 mm) measurements of magnetic susceptibility yielded successions of pronounced lows and highs. Analyses of the rock-magnetic properties by low and high temperature runs of magnetic susceptibility, determination of hysteresis parameters as well as IRM acquisition experiments, yielded a dominance of PSD (pseudo-single domain) magnetite in intervals of high magnetic susceptibility, whereas, due to selective magnetite dissolution associated with anoxic Lake water and/or pore water conditions during times of enhanced deposition of organic matter, haematite dominates within low susceptibility intervals in terms of mass percentage. Here however, magnetic properties are still dominated by magnetite. Five AMS (accelerator mass spectromentry) 14 C ages, eight IRSL (infrared stimulated luminescense) ages together with preliminary pollen data suggest that variations in magnetite content reflect climatic variability of the last ∼300 ka with low (high) susceptibilities representing cold (warm) climates. This pattern, caused by a complex system of deposition, preservation or decomposition of organic matter and/or magnetic minerals, in turn can be correlated in detail to global climate archives such as the oxygen isotope records from Greenland ice cores and marine sediments, respectively. Thus, the sedimentary sequence recovered from Lake El'gygytgyn represents the longest continuous terrestrial climate record now available from the Arctic.
I N T R O D U C T I O N
The polar regions play a major role in the global climate system via feedback processes in the oceans, the atmosphere, the cyrosphere and the continents. To make accurate predictions of future climate development it is necessary to understand past environmental changes under different climate-forcing conditions as documented in glacial, terrestrial and marine archives, covering sev-eral glacial/interglacial cycles. Long, high resolution palaeoclimate records have recently become available in the Arctic from the Greenland Ice Sheet (e.g. Grootes et al. 1993; Johnsen et al. 1995) . Long marine records, generally having lower temporal resolutions, have been recovered in the Arctic and sub-Arctic oceans (e.g. Aksu et al. 1988; Wolf & Thiede 1991; Bond et al. 1993; Keigwin et al. 1994; Rea et al. 1995; Spielhagen et al. 1997; Keigwin 1998; Nowaczyk et al. 2001a) . In contrast, there is no continuous terrestrial record from the Arctic with a comparable time resolution and duration, providing compelling justification for its acquisition. Such a terrestrial record now has been recovered from Lake El'gygytgyn, northeastern Siberia. In spring 1998, a joint expedition of the Alfred Wegener Institute (AWI) Potsdam, the University of Massachusetts, Amherst, and the North-East Interdisciplinary Scientific Research Institute (NEISRI), Russian Academy of Science, Magadan, succeeded in recovering the first long sedimentary record from this lake. First results from this pilot study show that it contains a limnic sediment fill with a composition that mirrors the climatic and environmental history of northeastern Siberia over several glacial/interglacial cycles (Brigham-Grette et al. in prep.) . Here we present detailed data of the palaeo-and rock-magnetic properties of the recovered sedimentary sequence and discuss them in the light of palaeoclimatic variability.
G E O L O G I C A L S E T T I N G S
The El'gygytgyn meteorite impact crater (Belyi 1958 (Belyi , 1982 Belyi & Chereshnev 1993; , located at 67
• 30 N, 172
• 05 E, has a diameter of 18 km and was created at 3.58 (±0.04) Ma according to Ar/Ar dating (Layer 2000) . The meteorite hit an area mostly covered with igneous rocks, ignimbrites, basalts and tuffs, of Late Cretaceous age (Fig. 1) . The modern crater lake has a diameter of about 12 km with its surface at an elevation of about 492 m above sea level (a.s.l.). The maximum water depth is 175 m. Fifty small ephemeral creeks drain into the lake, and the Enmyvaam River forms the only outflow to the southeast. Mean July temperatures vary between +4 and +8
• C, and January temperatures range between −32 and −36
• C in the region. At present, the surface of the lake is completely ice free during sum- mer seasons, whereas it is generally ice covered for the rest of the year (9 to 10 months), but is sometimes ice covered most of the year, giving it the Chukchi Yupik name of El'gygytgyn that means 'ice that never melts'. The crater rim today is occupied by small willow shrubs and eriphorum tundra. The modern tree line lies roughly 150 km to the south and to the west of the lake.
S E D I M E N T C H A R A C T E R A N D M E T H O D S
Coring on Lake El'gygytgyn was performed on the frozen lake surface yielding two composite cores with a length of 12.7 m (site PG1351) and 4.1 m (site PG1352), respectively (Fig. 1) . Core PG1351 is composed of seven separate but overlapping gravity (PG1351-1) and piston core (PG1351-4 to -9) segments, each with a maximum length of 3 m. The coring technique used has been described by Melles et al. (1994) . Clear correlation of the individual core segments and creation of the composite profile was achieved by analyses of physical and geochemical properties of overlapping core sections (Brigham-Grette et al. in prep.) . This method was also used in order to correlate between the two coring sites. PG1352 parallels the record from site PG1351, therefore, this study concentrates on the longer core PG1351. Seismic profiling (Niessen, unpubl. data 2000) performed across the coring sites two years later could show that the chosen positions are not affected by slumping or turbidites. Therefore, we can assume an undisturbed sedimentation at site PG1351.
The recovered sediments from Lake El'gygytgyn consist of alternations of brownish and greenish non-laminated and laminated Comparison of magnetic susceptibility measurements: The left column was determined with a Bartington MS2E high-resolution spotreading sensor in steps of 1 mm directly on the split surface of the core sections whereas data in the right column were obtained from 6.2 cm 3 discrete sample measurements, performed with a KLY-3S. The interval from 0 to 74 cm was separately treated (see text). dark greyish silt and clay. Authigenic vivianite is found in laminated sections up to 60 cm in thickness. The carbonate content of Lake El'gygytgyn sediments recovered in core PG1351 varies generally between 0.5 and 1.0 wt-per cent, with a few peaks reaching 1.5 wt-per cent at around 11 m composite depth. Biogenic silica (opal) ranges from 10 to 20 wt-per cent. The content of total organic carbon (TOC) shows various plateaus with low values between 0.2 to 0.4 wt-per cent, alternating with intervals of increased TOC content reaching up to 2.5 wt-per cent. A more detailed presentation of sedimentological and geochemical data is provided in Brigham-Grette et al. (in preparation) .
The upper 74 cm of core PG1351-4 was completely processed in the field; no pristine material was left for susceptibility logging or for palaeomagnetic analysis. However, the material sampled in the field and later freeze-dried in the laboratory could be used for some rock magnetic investigations (see below).
High-resolution determination of magnetic susceptibility was performed on the archive halves of piston cores using an automated logging system in combination with a Bartington MS2E/1 spot-reading sensor. The bell-shaped response function of the sensor with respect to a thin magnetic layer has a half-width of 3.5 mm (Nowaczyk 2001) , that is, two thin magnetic layers, about 4 mm apart can be resolved with this sensor. Measurements were performed at 1 mm increments with readings against air each 10 measurements to monitor the thermally-induced drift of the susceptibility sensor. This drift was subsequently subtracted from the readings, which were then multiplied with an empirically determined calibration factor of 8.9 in order to yield correct volume susceptibility values as multiples of 10 −6 . An AGICO Kappabridge KLY-3S was used to determine the magnetic bulk susceptibility of 6.2 cm 3 discrete samples that were taken along the central axis of the 1 m long archive halves. The average spacing was about 25 mm, achieving nearly continuous sampling. For the upper 74 cm, 1 cm 3 of material from samples taken in vials was measured with a Kappabridge KLY-2 and recalculated to standard volume.
Measurements of the natural remanent magnetization (NRM) were performed with a fully automated DC-SQUID 2G755SRM long-core cryogenic magnetometer with an in-line tri-axial alternating field (A.F.) demagnetizer. In order to eliminate secondary magnetizations, each sample was demagnetized in ten steps with maximum A.F. amplitudes of 100 mT. The characteristic remanent magnetization (ChRM) of each sample then was determined by subjecting its demagnetization results to principle component analysis (Kirschvink 1980) . Due to the limited amount of core material available, the palaeomagnetic samples had to be forwarded for pollen analyses. Therefore, parallel to the palaeomagnetic samples, small amounts of wet sediment (0.2-0.3 cm 3 ) were sampled with a 4 mm diameter syringe (with its tip cut off) for some supplementary rock magnetic investigations in the interval from 74 to 1267 cm. After drying at room temperature the material was gently pulverized by mortar and pestle. Small amounts of each powdered sample were then used together with some resin to produce small pellets of 17 mm 3 for determination of hysteresis parameters with a Princeton Measurements alternating gradient force magnetometer (MicroMag TM ). The maximum magnetic field for hysteresis loops was set to ±1 T. The 213 samples were spaced every 4-6 cm over the recovered sediment sequence. Also 36 samples from the top 74 cm, each integrating over 2 cm, were prepared from the material processed in the field. This material had been homogenized with a planet-mill for geochemical purposes. For determination of the hysteresis parameters saturation remanence (M SR ), saturation magnetization (M S ) and coercive force (B C ), all hysteresis measurements were corrected for the paramagnetic trend, more or less present in all curves. Remanence coercivity (B CR ) was determined from separate back field measurements with 1 T saturation field amplitude and increments of 3.5 mT for the reversed field. In a second run all samples were magnetized in a field of 1.8 T and then subjected to reversed fields of −0.1, −0.2 and −0.3 mT in order to separate high-and low-coercivity contributions by calculating S-ratios, defined as S = 0.5 × [1 − (IRM −0.3T / IRM 1.8T )], with S = 1 for 100 per cent magnetite and S = 0 for 0 per cent magnetite and 100 per cent high-coercivity minerals, haematite and/or goethite. 29 samples equally distributed over the recovered sediment sequence, with carefully selected main features of high, intermediate and low magnetic susceptibilities and saturation magnetizations respectively, were used to determine complete acquisition curves of isothermal remanent magnetization (IRM), using the MicoMag TM , in steps of 50 mT up to a maximum field of 1.8 T. Material from the same samples were also used for low-temperature measurements of magnetic susceptibility between −195
• C to 0 • C with the CS-L furnace of the Kappabridge KLY-3S. In order to determine the temperature-dependent background, a run with an empty furnace was performed daily prior to measuring sediment samples. The measured background, which did not change significantly during investigation, was then subtracted from the sample measurement. After this, the ferrimagnetic susceptibility was separated by subtracting a hyperbola from the furnace corrected data using the CUREVAL 5.0 program (AGICO, Czech Republic). The hyperbola was fitted between −140 and −70
• C. A subset of 14 samples from the low-temperature samples was then also used for additional high-temperature measurements of magnetic susceptibility performed with the CS-3 furnace of the Kappabridge KLY-3S between room temperature and 700
• C. The high-temperature runs were performed in an argon atmosphere in order to avoid oxidation of the magnetic minerals. Daily, the background of the empty thermostat was determined and then subtracted from the subsequent measurements of the powdered bulk sediments.
R E S U L T S Palaeomagnetism
Magnetic susceptibility values range from about 40 × 10 −6 to 2500 × 10 −6 . Such high magnitudes can be explained by the high susceptibilities determined directly on samples from the outcropping igneous rocks around Lake El'gygytgyn ( Fig. 1) , that are in the range of 2000 × 10 −6 to 70000 × 10 −6 . Fig. 2 illustrates the increase in resolution of the MS2E logs, based on 1 mm measurements (about 12,000 in total), when compared to results obtained from discrete sample measurements (n = 471), although samples were taken quasi-continuously. The shortest wavelength that can be resolved with the discrete palaeomagnetic samples is 50 mm (double sample spacing), whereas the spot-reading technique can reveal variations with wave-lengths of 4 mm. In any case, mid-and low-frequency components of the susceptibility signal are always registered by the individual samples.
The palaeomagnetic directions of the sediments are generally characterized by a stable single component magnetization with median destructive fields (MDF NRM ) of about 20 to 30 mT. Two results from progressive A.F. demagnetization are shown in Fig. 3 . The ChRM directions are mostly characterized by shallow (30 • ) to steep (nearly 90
• ) positive inclinations throughout the whole core, indicating a Brunhes age for the sediments. However, a few inclination spikes, generally defined by three to four samples, reach shallow positive or even negative inclinations. They might be indications for geomagnetic excursions. Due to the high northern latitude ChRM declinations are (apparently) quite scattered, but most of the ChRM directions show a maximum deviation of 30
• from the expected dipole inclination of 78.3
• (Fig. 4a ). Similar to the susceptibility variations, the NRM intensities cover a wide range from 0.5 to 200 mA m −1 , that is, more than 2 orders of magnitude. Because the susceptibility-normalized NRM intensity curve (after 30 mT treatment) exhibits nearly the same morphology as the susceptibility curve itself (cf. Figs 4c and d), sediments recovered from Lake El'gygytgyn are apparently not suitable for relative palaeointensity estimations (e.g. Tauxe 1993 ). Pronounced lows in low field magnetic susceptibility (κ LF ) coincide with significantly higher concentration of total organic carbon (TOC) and total sulphur (TS) as shown in Fig. 4 (d, e and f, note logarithmic scaling of κ LF , TOC, and TS). Parallel high TOC and TS content on one hand, and low susceptibilities on the other hand, as well as the dark grey to black sediment colours of these intervals can be taken as a first indication, that the magnetic fraction has been altered by early diagenetic, reductive magnetite dissolution associated with the precipitation of iron sulfides (pyritization) under anoxic conditions in the lake, or at least within the sub-bottom sediments. A similar trend can be shown for anoxic, TOC-rich sediments from Lama Lake, northern Central Siberia (Nowaczyk et al. 2001b) . Here, 'palaeointensity' estimates are also biased by reductive magnetite dissolution. However, in Lama Lake sediments TOC reached only 0.8 per cent, and TOC and magnetic susceptibility were still positively correlated, whereas in Lake El'gygytgyn sediments periodically reach up to 2.5 per cent TOC. Abundant vivianite (Fe 3 [PO 4 ] 2 · 8H 2 O) also indicates episodically occurring anoxic conditions in Lake El'gygytgyn sediments. Further evidence is provided by the rock magnetic data, discussed in the following section.
Rock magnetism
Hysteresis data from all investigated 17 mm 3 pellets are typical for larger PSD (pseudo-single domain) particles, with some results reaching MD (multidomain) characteristics (Fig. 5 ). Fig. 6 shows some individual hysteresis loops with, from top to bottom, increasing intensity of saturation magnetization (M S ). For reasons of Figure 6 . Hysteresis curves (magnetization vs magnetic field of ±1 T) and hysteresis parameters (cf. Fig. 5 ) for seven samples from Lake El'gygytgyn sediments determined on pellets with a MicroMag TM . The displayed examples illustrate the wide range from the weakest (top) to the strongest samples (bottom). The dotted curves are raw data and solid curves represent data corrected for paramagnetic trend. ) and IRM experiments determined from 17 mm 3 small MicroMag TM samples (n = 249) together with content of total organic carbon (TOC, left) and low field susceptibility (κ LF , middle), determined on 6.2 cm 3 palaeomagnetic samples (n = 507). Downward pointing triangles indicate positions of samples used for low-temperature measurements of magnetic susceptibility as well as for complete IRM acquisition curves. Upward pointing triangles indicate positions of samples used for high-temperature measurements of magnetic susceptibility. The horizontal thick dashed line at 74 cm composite depth separates samples taken from the preserved archive halves (below) and samples taken from material sampled in the field and prepared for geochemistry in a planet-mill (above; see also Fig. 5 and discussion in the text).
clarity, diagrams are shown with field axes scaled to ±0.6 T (measured: ±1.0 T). Downcore plots of hysteresis results are shown in Fig. 7 . Saturation remanence (M SR ) determined on 17 mm 3 pellets vs magnetic susceptibility determined on 6.2 cm 3 palaeomagnetic samples (interpolated values) are plotted in Fig. 8(a) , showing that absolute magnetization values calculated from these small MicroMag pellets yield reliable results.
Hysteresis loops from low intensity intervals, e.g. 121 cm and 337 cm in Fig. 6 , are strongly dominated by the paramagnetic contribution of the sediment matrix (dashed curves in Fig. 6 ). Results from 0-74 cm composite depth, with samples taken from dried material prepared for geochemistry by a planet-mill, show significantly smaller magnetic grain sizes. Obviously, this mechanical treatment resulted in a significant fining of the magnetic particles: at 74 cm depth, coercivities show drastic jumps towards higher values with B CR = 12 mT and B C = 7 mT. Their ratio B CR /B C is diminished by about 0.4, and the ratio of the remanence parameters M SR /M S shifts by about 0.06 towards higher values, all indicating finer grain sizes (Figs 5 and 7) . Because the concentration of the magnetic particles is not decreased by the planet-mill, M SR and M S themselves are not (visually) affected. Obviously, results from these samples are clearly impaired by the preparation technique so that they can not be considered further.
Samples from organic rich layers (high TOC contents) with low susceptibility and low magnetizations (M S and M SR ) often show an offset to higher M SR /M S ratios, at least for the interval from 0 to about 720 cm composite depth. Here, coercivities (B CR and B C ) are also higher, whereas their ratio is more or less constant (Fig. 7) . This results in the presence of two clusters in the Day diagram (Fig. 5,  lower right) . However, extreme lows in magnetic concentration are also linked to low S-ratios (Fig. 7) , that is, haematite is also contributing to the magnetic properties. This caused the shift towards higher M SR /M S ratios (Fig. 5, lower left) . In the lower third of the composite profile the relationship between hysteresis parameters and geochemical parameters is less obvious (Fig. 7) .
The variation in the concentration of magnetic particles as expressed by, e.g. the saturation remanence (M SR ) or low field magnetic susceptibility (κ LF ) in Lake El'gygytgyn cover about two orders of Figure 8 . Combination of magnetic and geochemical parameters from Lake El'gygytgyn sediments in core PS1351: (a) saturation magnetization from pellets vs (interpolated) magnetic susceptibilities determined on 6.2 cm 3 palaeomagnetic samples, (b) total organic carbon (TOC) vs magnetic susceptibility, (c) S-ratio vs magnetic susceptibility, (d) total sulphur (TS) vs TOC, (e) palaeointensity estimate, derived from NRM intensity (J NRM ) at 30 mT demagnetization level normalized by magnetic susceptibility, vs TOC, and (f ) complete IRM acquisition curves of the 29 samples marked by a downward pointing triangle in Fig. 7. magnitude (Fig. 7) . Except for possible aeolian input, the source of sediment in the catchment of this impact crater (Fig. 1) , should not vary significantly throughout time. If the biogenic input to the sediment record varied between 0 and 90 per cent, which is a clear over-estimation in the case of Lake El'gygytgyn, the lithogenic input to the sediment record could be diluted down to 10 per cent in an extreme case of 90 per cent biogenic input, that is, by just one order of magnitude. Thus, varying biogenic input, as indicated by contents of TOC and biogenic silica (opal) cannot explain the observed concentration variation of magnetic particles, which vary by a factor of one hundred (Fig. 8b) , that is, across two orders of magnitude. Low susceptibility is also linked with low values of the S-ratio of down to 0.8 (Figs 7 and 8c ). This indicates a magnetite/haematite ratio of about 1 : 25 (due to the roughly 100 times higher saturation magnetization per unit volume of magnetite when compared to haematite), that is, an increasing influence of haematite in the IRM acquisition (Fig. 8f ) , caused by a decreasing magnetite content. The overall concentration of sulphur is obviously linked with the amount of organic matter (Fig. 8d) , that is, sulphur is enriched in horizons of high TOC values (see also Fig. 4) , indicating increased post-depositional pyritization in such intervals. The decrease of the S-ratio within the organic rich layers can be explained by the fact that Fe 2+ is more easily detached from the mineral structure than Fe 3+ (e.g. Passier et al. 2001) , that is, magnetite is dissolved whereas haematite can persist under anoxic conditions. Such a selective reductive iron dissolution on the sediment surface under anoxic water conditions, or, as a post-depositional process in subsurface sediments, is an additional process responsible for depleting the amount of magnetic particles, so that their concentration becomes much lower during times of increased deposition of organic material rather than simply by dilution. This early diagenetic process on the magnetite phase then is a non-linear, partly delayed response to variations in bioproductivity. Thus, hysteresis and IRM experiments seem to prove the conclusion drawn from the interpretation of the palaeomagnetic results, that the magnetization in TOC rich horizons has been strongly affected by reductive magnetite dissolution (Fig. 8e) , resulting in the possibly complete disintegration of finer particles and partly even a fining of larger magnetite particles. Thus a relative enrichment of haematite with respect to magnetite, measured by the lowering of the S-ratios, can be observed.
Low-temperature curves of magnetic susceptibility κ(T L ) of nearly all investigated samples, 22 out of 29, show the Verweytransition at about −150
• C, that is, the change from monoclinic to cubic magnetite is associated with a more or less strong increase in the κ(T L ) curves during warming of the sample (Fig. 9) . Samples from levels with a low magnetization show the Verwey transition only after processing the signal in order to separate the pure ferrimagnetic contribution, such as the sample at 1257 cm (Fig. 10) , which has a saturation remanence of M S = 0.73 A m −1 . The presence of the Verwey transition is indicative of pure (MD) magnetite when it is the dominant remanence carrier in terms of magnetization intensity. Only samples with extremely low concentrations of magnetic particles, where κ LF is less than about 80 × 10 −6 , and M SR is less than about 0.5 A m −1 , show a 1/T decay. Their κ(T L ) curves are strongly dominated by the paramagnetic sediment matrix, as were also the corresponding hysteresis curves. Fig. 11 shows the results from high-temperature runs of magnetic susceptibility κ(T H ) from four samples of different magnetic concentration, together with the corresponding low-temperature runs. High-temperature runs are generally noisier and were therefore smoothed with a weighted 5 point running average. However, for such measurements a smaller amount of sediment has to be used. Therefore, axes also might be scaled differently in Fig. 10 . All 14 heated samples with a sufficient concentration of magnetic minerals showed a pronounced decrease to zero susceptibility at around 580-590
• C, confirming the results from low-temperature measurements, that the amplitude of magnetization intensity is mainly related to pure magnetite. However, a small increase at around 680
• C in some of the samples (Fig. 11 ) might also indicate the presence of haematite, also detected by IRM experiments, which dominates in terms of mass percentage within low susceptibility intervals due to reductive magnetite dissolution. Sample 723 cm (Fig. 11) with a saturation remanence of M S = 0.81 A m −1 , illustrates the lower reasonable limit of what could be measured in κ(T H ) runs with bulk sediments from Lake El'gygytgyn.
Dating
Five accelerator mass spectrometry (AMS) 14 C ages (Table 1) determined on humic acids and eight infrared stimulated luminescence (IRSL) ages (Table 2 ) have been obtained from core PG1351. Additional age information comes from preliminary pollen data. In Fig. 12 , the percentages of trees & shrubs, herbs and spores, together with magnetic susceptibility from Lake El'gygytgyn are compared to the oxygen isotope (δ 18 O) record from the GRIP ice core, Greenland (Dansgaard et al. 1993) , and to a marine oxygen isotope record from ODP Site 677, in the equatorial Pacific (Bassinot et al. 1994) . Solid lines indicate ages based on AMS 14 C datings, whereas dashed lines indicate age ranges based on IRSL datings (sampling intervals and ages ± errors, respectively). So, the data are given at face value in Fig. 12 . In detail, some discrepancies between AMS 14 C and IRSL are visible in the top 150 cm of core PG1351 (Fig. 12b) . Obviously, AMS 14 C datings yielded significantly older ages than the IRSL technique. This could be due to a systematic offset because ages on humic acids can give older ages than determinations on all organic fractions. In addition, a kind of reservoir effect due to diminished or even inhibited exchange with the atmosphere during full glacial conditions, that is, a (nearly) permanent ice cover, possibly led to too old ages. The increase in arboreal pollen (trees & shrubs) at around 120 cm towards younger ages indicates a shift to warmer climates, likely associated with the Allerød period, centred at around 13.5 ka on the GRIP timescale, followed by the cooling event of the Younger Dryas at around 12 ka. Especially here, the magnetic susceptibility record from Lake El'gygytgyn exhibits a striking similarity to the palaeoclimatic record, that is, the δ 18 O curve of the GRIP ice core, when following the age ranges provided by the IRSL dating. On a longer scale, the major climatic features such as the triple maximum of oxygen isotope stage 5 is clearly visible within the susceptibility record from Lake El'gygytgyn, generally supported by the preliminary pollen data with a large Eemian maximum of arboreal pollen (Fig. 12a) . For sections in PG1351 from stage 5 on back in time, the GRIP δ 18 O record is of no use because it is low in resolution and the basal ice is disturbed. Therefore we took the δ 18 O record from ODP Site 677, instead of the somewhat obsolete SPECMAP curve, as one, unfortunately low-frequency reference curve. Increased tree pollen in the lower third of the El'gygytgyn record might be associated with stage 7. Within the frame of the given age ranges we performed a tentative fine-tuning of the PG1351 susceptibility record to the GRIP δ 18 O record (back to about 100 ka) and to ODP Site 677, respectively. The result is shown in Fig. 13 , together with ages directly determined on PG1351. Except for only one (out of eight) IRSL ages the tuned ages are within the given error ranges whereas four out of five AMS 14 C ages appear to be too old for reasons Figure 10 . Three examples of low-temperature measurements of magnetic susceptibility from samples with different concentration of magnetite, illustrating the processing steps for this type of analysis. The lower row displays the raw data together with the furnace (cryostat) background measurements, the row in the middle displays furnace-corrected data, whereas the top row shows the data after separation of the ferrimagnetic component using the CUREVAL5 program for the Kappabridge KLY-3S. The Verwey transition at around −150 • C is visible in all three examples.
given above. After transforming data sets into time-series, the similarity between Lake El'gygytgyn magnetic susceptibility record and the GRIP δ 18 O curve is clearly visible until approximately 100 ka (Fig. 14) .
Several spikes with shallow positive to shallow negative ChRM inclinations (Fig. 14) are tentatively related to known geomagnetic reversal excursions. The inclination low at 110 ka, directly above Eemian-aged sediments and about 30 cm below IRSL dated sediments with an age of 104.2 (±7.5) ka can be related unequivocally to the Blake excursion (Smith & Foster 1969) , that occurred at the transition from stage 5e-d (Tucholka et al. 1987) . Langereis et al. (1997) estimate an age range of 110 to 120 ka for the Blake excursion, which fits well to the age inferred from Lake El'gygytgyn sediments (Fig. 14) . An older excursion in core PG1351 at about 210 ka might be a record of the Jamaica excursion (Ryan 1972) . However, new ages on this excursion place it clearly at about 190 ka (e.g. Nowaczyk & Frederichs 1999; Channell et al. 2000) . This would imply a further shift to younger ages in this time interval of Lake El'gygytgyn sediments (see Fig. 13 ). An alternative explanation would be to relate the 210 ka inclination low to the Pringle Falls excursion (Herrero-Bervera et al. 1994 ) with a best age estimate of 223 ka by Tanaka et al. (1996) , resulting in a shift to older ages than inferred from the age model in Fig. 13 . The inclination spike at around 52 ka does not correspond to a known excursion. It is too old for the Laschamp excursion at 40 ka (Laj et al. 2000) . However, it is not easy to distinguish between a noisy recording and a real excursional direction in core PG1531, so any further interpretation of the inclination spikes in terms of geomagnetic excursion remains rather speculative.
D I S C U S S I O N
The pronounced variability of magnetic susceptibility of Lake El'gygytgyn sediments appears to be a direct proxy-parameter for global climatic variations, with low values representing cold and high values representing warm climates. These variations are largely anticorrelated to the content of organogenic matter (mainly related to diatoms), as monitored by TOC variations (Figs 4 and 14) , with surprisingly high values of TOC (up to 2.5 per cent) in glacials such as stages 2, 4 and 6. However, looking into the details, the situation is Figure 11 . Low-and high-temperature measurements of magnetic susceptibility from four representative samples (different from those shown in Fig. 10 ) of different magnetization intensity. The scaling of the low-and high-temperature curves where adjusted to each other because different amounts of sediment had to be used for the individual measurements. The Verwey transition at about −150 • C and/or a Curie temperature of about 580 • C indicate pure Magnetite as the dominant magnetization carrier. High-temperature curves were smoothed with a weighted 5 point running average. In order to quantify the relationships between organic matter and magnetic parameters vs time for El'gygytgyn sediments, we calculated a moving cross correlation between TOC on the one hand and magnetic susceptibility (κ LF ) and coercivity of remanence (B CR ), respectively, on the other hand. Correlation coefficients were calculated in a window of 25 ka that was moved along the time axis in increments of 1 ka. The resulting correlation coefficient as well as the number of data pairs falling into the time window are plotted as a function of the mean age covered by the time window together with the input parameters (TOC, B CR and κ LF ) and the pollen stratigraphy in Fig. 15 . With the help of this moving cross correlation it now becomes obvious that the negative correlation between TOC and magnetic susceptibility persists predominantly in glacial times, whereas the correlation is less significant/not present during the Eemian and before about 200 ka. This time-dependency of inverse correlation of magnetic susceptibility to TOC is paralleled by a similar but positive correlation between B CR and TOC. Again, the situation for the Eemian is different. Here, the type of correlation is even inverted, that is, the positive correlation of B CR to TOC of the glacial sediments changes to a clear inverse correlation during this interglacial. It appears that during the Eemian increasing TOC content, up to 1 per cent here, is associated only with a dampening of the variations in magnetic susceptibility, which is still quite high (1000 × 10 −6 ). Increased deposition of organic matter very likely occurred under oxic water conditions during the Eemian. However, a partial oxidization of the organic matter might have occurred until all available oxygen within the pore water was gone so that, below a certain level, the subsurface sediments went anoxic. Then, partial dissolution of magnetite was initiated (mainly just a removing of the smaller particles) causing a dampening of the susceptibility amplitudes, and finally resulting in a plateau-like feature in the sus- ceptibility. Thus, the partial post-depositional oxidation of organic matter led to an apparent low TOC content now measured in Eemian sediments (0.5-1.0 per cent) when compared to glacial sediments (up to 2.5 per cent). S-ratios are still near 1 so that just a small portion of magnetite could have been dissolved. An analogous conclusion could be drawn for Holocene sediments from Lama Lake, Taymyr Peninsula, northern Central Siberia (Nowaczyk et al. 2000) . Like Lake El'gygytgyn, Lama Lake is situated within a large area of highly magnetic rocks, the Puturana Plateau, which is built of Permian/Triassic flood basalts. In Holocene sediments from Lama Lake, magnetic susceptibilities of 2000×10 −6 to 3000 × 10 −6 , parallel the increased influx of organic matter to the sediments, here up to 0.8 per cent, causing post-depositional subsurface anoxic conditions associated with a partial dissolution of magnetite. This lead to a strong homogenization of rock magnetic properties, that is, a plateau is visible in parameters related to magnetic concentration as well as magnetic grain size (Nowaczyk et al. 2000) and a distorted palaeointensity estimate (Nowaczyk et al. 2001b) . Unfortunately, in El'gygytgyn sediments the Holocene could not properly be sampled for rock magnetism. But, further elevated susceptibility plateaus associated with increased TOC content are visible at around 200 ka and between 250 and 270 ka with κ LF between 200×10
−6 and 300×10 −6 (glacial susceptibility lows have κ LF values of 50 × 10 −6 -100 × 10 −6 ). These intervals are both well laminated and increased TOC is associated with increased TS, that is, pyritization occurred here. Additionally, S-ratios are around 0.9 indicating a selective removal of magnetite (magnetite/haematite ratio of roughly 1 : 1). Both intervals are also related to significantly increased arboreal pollen (Fig. 14) .
For the glacials Brigham-Grette et al. (in prep.) suggest that the following process caused increased deposition of organic matter, which is different from the interglacials, such as the Eemian and the Holocene. During the glacials the lake surface was possibly frozen (or nearly so with a summer moat) the whole year through. This lead to a decrease or even breakdown of oxygen exchange between the lake water and the atmosphere and to stratification of the water body, causing anoxic conditions at least within its lower part and complete preservation of organic matter on the lake floor. Despite the ice coverage, light penetration into the water body was sufficient for a significant algae (diatoms) production during summer seasons. This may indicate a restricted amount of blanketing snow due to relatively dry conditions. Thus, the clear ice cover created a kind of underwater greenhouse during glacials. In addition to high bioproductivity in the upper water column, anoxic conditions near the bottom contributed to reductive magnetite dissolution. Further, decreased erosion in the catchment and a preferably closed ice cover suppressed the input of terrigenous material into the lake so that susceptibility is low in sediments deposited during glacial times. (Bassinot et al. 1994 ) and the GRIP ice core (Dansgaard et al. 1993) vs time, together with the high-resolution record of magnetic susceptibility (1 mm measurements supplemented by values determined on vial samples from the upper 74 cm) and a simplified pollen profile from Lake El'gygytgyn core PG1351. Dashed lines mark IRSL age ranges, that is, sampling interval and age ± error, respectively. (b) The same is plotted for the time window of only the last about 60 ka. Here, additional solid lines indicate AMS 14 C datings. Table 1 ) and eight IRSL ages (closed diamonds, see also Table 2 ), together with error bars. Error bars for 14 C ages are smaller than symbol size. Thick dashed lines with arrows mark pronounced inclination lows in the palaeomagnetic records (Fig. 4) that might be records of geomagnetic reversal excursions. Open diamonds represent an age model for PG1351 when tentatively tuned to GRIP (only until about 100 ka) and ODP Site 677.
In general, the interaction of deposition of organic matter and its preservation under anoxic or (partial) decomposition under oxic conditions, on the one hand, and input of magnetic minerals and their (post-) depositional (partial) dissolution, on the other hand, seems to be a quite sensitive system recording climate conditions in Lake El'gygytgyn. Al 2 O 3 /Fe 2 O 3 as well as Fe 2 O 3 /TiO 2 ratios do not change significantly across the whole core (data will be published elsewhere) so that a change in input material from the catchment, causing the drastic susceptibility variation, can be excluded. Thus, the overall concentration of magnetic minerals parallels more direct climate archives such as the oxygen isotope record of the GRIP icecore even recording short-term features such as the younger Dryas and the major Dangaard-Oeschger events.
C O N C L U S I O N S

AMS
14 C and IRSL ages together with a preliminary pollen stratigraphy indicate that the observed strong variations in magnetic susceptibility of Core 1351 recovered from Lake El'gygytgyn are climatically induced. The carrier of magnetization is pure PSD magnetite showing the Verwey transition at about −150
• C during lowtemperature runs and Curie temperatures of 580-590
• C during hightemperature runs of magnetic susceptibility. However, haematite indicated by IRM acquisition experiments can dominate in terms of mass percentage within low susceptibility intervals, but here, the magnetic properties are still dominated by magnetite. The susceptibility variations can be correlated to other high and/or low resolution climatic archives (Fig. 14) . Obviously, long-term features, such as the marine oxygen isotope stages, as well as short-term features, such as the Younger Dryas event at the Pleistocene/ Holocene boundary (Termination I) can be seen in the record. Especially in the younger half of the core the correlation to the Greenland climatic curve (e.g. GRIP δ 18 O record) is obvious. According to available IRSL ages, and, because the pattern of lows and highs persists downcore, it can be concluded that the whole recovered section reflects an astronomically forced palaeoclimatic proxy-record, extending back to about 300 ka. Variations of magnetite in the sediments are thought Figure 14 . Reords of high-resolution magnetic susceptibility, pollen, total organic carbon (TOC) and inclination of characteristic remanent magnetization (ChRM) from Lake El'gygytgyn vs time, using the preliminary age model from Fig. 13 , together with oxygen isotope curves from GRIP and ODP Site 677, equatorial Pacific, for comparison (comp. Fig. 12 ).
to originate from both varying input due to climatically forced erosion relative to biogenic input, with lower (higher) contribution from the catchment in cold (warm) climate, and additionally, from reductive magnetite dissolution associated with anoxic conditions mainly during cold climates when lake ice persisted for longer times inhibiting the exchange of oxygen between the lake water and the atmosphere. The obtained high-resolution susceptibility record thus represents the longest terrestrial palaeoclimatic (proxy-) record from the Arctic. Further drilling in Lake El'gygytgyn down to the base of the lacustrine sediments might even reveal a high-resolution record of climatic history of the Arctic throughout the whole Pleistocene and the late Tertiary. Figure 15 . Moving cross correlation of total organic carbon (TOC) and coercivity of remananence (B CR ) and magnetic susceptibility (κ LF ), respectively, for a shifted time window of 25 ka and a shift increment of 1 ka. The results, correlation coefficient and number of used data pairs, are plotted as a function of mean age of the age interval used for calculation. Pollen data are shown for comparison on top.
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